In this article, we report on 904 patients undergoing transplantation for follicular lymphoma. A total of 176 (19%) received allogeneic, 131 (14%) received purged autologous, and 597 (67%) received unpurged autologous transplants. Five-year treatment-related mortality (TRM) rates were 30%, 14%, and 8% and 5-year recurrence rates were 21%, 43%, and 58% after allotransplantation, purged autotransplantation, and unpurged autotransplantation, respectively. In multivariate analyses, allotransplantation had higher TRM and lower disease recurrence. Purged autotransplantation had a 26% lower recurrence risk than unpurged autotransplantation. Five-year probabilities of survival were 51%, 62%, and 55% after allogeneic, purged autotransplantation, and unpurged autotransplantation, respectively. Advanced age, prolonged interval from diagnosis to transplantation, high lactate dehydrogenase (LDH), refractory disease, bone marrow involvement, low performance scores, and transplantation between 1990 and 1993 were associated with adverse outcomes. Total body irradiation was associated with higher TRM but lower recurrence. There was no association between acute or chronic graft-versus-host disease and recurrence after allotransplantation. We conclude that both allogeneic and autologous transplantation can induce durable remissions. There may be a benefit to graft purging in autologous transplantation. The decreased recurrence after allotransplantation is offset by increased TRM. We did not detect a correlation between graftversus-host disease (GVHD) and recurrence. Finally, outcomes of transplantation for follicular lymphoma show improvement over the past decade. 
Introduction
Follicular lymphoma is considered an indolent disorder but can have an unpredictable and often relentless course. [1] [2] [3] [4] [5] Treatments such as chemotherapy, biologic response modifiers, and monoclonal antibodies are not considered curative and, with the possible exception of interferon, do not prolong survival. 6, 7 In contrast, autologous hematopoietic stem cell transplantation is shown in several phase 2 studies to induce remissions in patients with recurrent or newly diagnosed disease. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Although recurrence rates are high in some of these studies, some patients have very durable remissions and may be cured. 22 Allogeneic hematopoietic stem cell transplantation is also a potentially curative approach. Recurrence rates after allogeneic transplantation are low, but treatment-related mortality (TRM) is high, related, in part, to a tendency to use this therapy in patients with very advanced disease. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] To evaluate the (21) 111 (19) Histology (%)* Follicular, small cleaved 91 (52) 67 (51) 218 (36) Follicular, mixed small and large 72 (41) 52 (40) 242 (41) Follicular, large cell 13 (7) 12 (9) 137 (23)
Disease stage at diagnosis (%)
I-II 22 (13) 23 (17) 113 ( 
Initial chemotherapy (%)*
CHOP Ϯ other 44 (25) 57 (44) 206 (34) Fludarabine Ϯ other 29 (16) 7 (5) 63 (11) Other 44 (25) 32 (24) 221 (37) Unknown 59 (34) 35 (27) 107 (18) Interval from diagnosis to transplantation (%) 
Patients and methods

Data sources
The IBMTR is a voluntary working group of more than 350 transplantation centers worldwide that contribute detailed data on consecutive allogeneic hematopoietic stem cell transplantations to a statistical center at the Health Policy Institute of the Medical College of Wisconsin in Milwaukee. The ABMTR is a voluntary organization of more than 250 transplantation centers primarily in North and South America that report data on consecutive autotransplantations to the same statistical center. On the basis of data collected in the Centers for Disease Control Hospital Surveys and the U.S. Government Accounting Office and worldwide surveys of transplantation activity, approximately 35% of allogeneic transplantations worldwide and more than 50% of autotransplantations in North and South America are registered with the IBMTR/ABMTR. Participating centers are required to register all transplants consecutively; compliance is monitored by on-site audits. Patients are followed longitudinally, with yearly followup. Computerized checks for errors, physician reviews of submitted data, and on-site audits of participating centers ensure data quality.
The IBMTR/ABMTR collects data at 2 levels: registration and research. Registration data include disease type, age, sex, pretransplantation performance status, disease stage and chemotherapy responsiveness, date of diagnosis, donor and graft type (bone marrow-and/or blood-derived stem cells), high-dose conditioning regimen, posttransplantation engraftment, graft-versus-host disease, disease recurrence and survival, development of a new malignancy, and cause of death. Requests for data on disease or death for registered patients are at 6-month intervals. All IBMTR/ABMTR teams contribute registration data on all patients. Research data are collected on subsets of registered patients selected by using a weighted randomization scheme, including comprehensive pretransplantation and posttransplantation clinical information.
Patients
We reviewed all HLA-identical sibling transplantations and autologous transplantations for follicular lymphoma performed between 1990 and 1999 and reported to the IBMTR/ABMTR. A total of 2459 registered cases were identified. Of these cases, 904 patients with follicular lymphoma both at diagnosis and at the time of transplantation had full research data and were included in the analysis. This analysis included patients with follicular small cleaved-cell lymphoma (Working Formulation group B), follicular mixed-cell lymphoma (Working Formulation group C), and follicular large cell lymphoma (Working Formulation group D). Patients initially diagnosed with follicular lymphoma, but whose disease transformed to intermediate-grade or high-grade lymphoma before transplantation, were excluded. Patients receiving nonmyeloablative conditioning regimens for allogeneic transplantation were excluded. To ensure that the research patients were representative of all registered patients, demographics, relapse rates, and survival rates between research and registered patients were compared; no differences were noted. Patients were considered to have "early" disease if they received their transplant in first or second complete remission or at the time of first relapse. All other patients were considered to have advanced disease.
Endpoints
Primary outcomes were survival, disease-free survival (DFS; survival without lymphoma after transplantation), recurrence, and TRM (treatmentrelated or nonrelapse mortality). Any death occurring within 28 days after transplantation was considered a TRM. Additionally, any death occurring 28 days or more after transplantation in a patient in continuous remission was considered treatment related. Patients with recurrent lymphoma were censored at the time of relapse, and those patients alive in remission were censored at the last follow-up evaluation. For DFS, patients were considered treatment failures at the time of relapse or death from any cause; patients alive in continuous complete remission were censored at the last follow-up evaluation. Patients who never achieved complete remission were analyzed as having recurrent lymphoma on day 28. Other outcomes examined were acute graft-versus-host disease (GVHD) and chronic GVHD. Acute GVHD was defined as moderate to severe (grades II to IV) disease using established criteria; patients surviving more than 21 days with evidence of engraftment were considered at risk. Chronic GVHD was determined by clinical criteria in patients surviving more than 90 days with evidence of engraftment.
Statistical analysis
Univariate comparisons were done by using the Kruskal-Wallis test for continuous data and the chi-square test for categorical variables. Probabilities of survival and DFS were calculated by using the Kaplan-Meier product-limit estimate. Probabilities of relapse and TRM were calculated by using cumulative incidences to allow for competing risks. The 95% CMV indicates cytomegalovirus; CHOP, cyclophosphamide, hydroxydaunomycin, Oncovin, prednisone; MTX, methotrexate; CSA, cyclosporin A; -, not applicable; and AGVHD, acute graft-versus-host disease.
*P Ͻ .01 for difference between transplant groups. †Early disease indicates patients whose disease status at transplantation is in first or second complete remission, or in first relapse; advanced disease, patients whose disease status at transplantation is in second or greater relapse, in third complete remission, or with primary induction failure.
confidence intervals (CIs) were computed by using the arc sine-square root transformation. TRM, relapse, DFS, and survival after autologous (purged/ unpurged) versus HLA-identical sibling transplantation were evaluated in multivariate analyses by using Cox proportional hazards regression to adjust for other potentially confounding differences between the cohorts. Variables considered in multivariate analysis are as follows: type of transplant, age, sex, Karnofsky performance score at transplantation, disease stage at transplantation, chemosensitivity, bone marrow involvement at diagnosis and transplantation, histology type, presence of B symptoms at diagnosis, serum lactate dehydrogenase (LDH) at transplantation, initial chemotherapy given, interval from diagnosis to transplantation, use of total body irradiation (TBI) or other field radiation, use of growth factors, graft source, and year of transplantation. Each model contained the main effect (type of transplant: unpurged autologous transplant versus purged autologous transplant versus HLA-identical sibling transplant). We tested the proportional hazards assumption for each factor in the Cox model by using time-dependent covariates. When this statistic indicated differential effects over time (nonproportional hazards), models were constructed to break the posttransplantation time course into 2 periods, using the maximized partial likelihood method to find the most appropriate breakpoint. Interactions between the type of transplant and all covariates were tested prior to stepwise modeling. After modeling time-varying effects and interactions, the final multivariate model was built by using a forward stepwise model selection approach. Factors significantly associated with the outcome variable at a 5% ␣ level were kept in the final model. First-order interactions were again examined between the type of transplant and all significant prognostic factors. Examination for center effects used a random effects or frailty model. No statistically significant center effect was noted. All P values are 2-sided.
Results
Patient and transplant characteristics
Patient-, disease-, and transplant-related characteristics are listed in Table 1 and compared across the 3 treatment groups. A total of 176 patients underwent allogeneic transplantation and 728 underwent autologous transplantation; 131 of the autologous grafts were treated in vitro to remove residual lymphoma cells (purged). There was a slight majority of men in each of the groups, reflective of the slightly higher incidence of follicular lymphoma in men.
The median age of those patients receiving allogeneic transplants was 42 versus 49 years for those patients receiving autologous transplants. This difference was not statistically significant. There were statistically significant imbalances among the 3 treatment groups in several other characteristics. Allograft recipients were more likely to have poor performance status, advanced disease, increased LDH, and bone marrow involvement at transplantation and to have chemotherapy-resistant disease. Autograft recipients were more likely to have follicular large cell lymphoma.
Transplantation regimens also varied significantly. Bone marrow grafts and TBI conditioning were most commonly used for allogeneic transplantation. Chemotherapy conditioning was more commonly used for autologous transplantation. Bone marrow was more commonly used for purged autologous grafts, whereas peripheral blood was the preferred stem cell source for unpurged autologous transplantations. Purged autologous transplantation was performed more commonly at the beginning of the decade, whereas allogeneic transplantation was increasingly used toward the late 1990s.
The median follow-up of survivors was 36 months for allograft recipients, 49 months for purged autograft recipients, and 41 months for unpurged autograft recipients.
The types of purging used are summarized in Table 2 . A variety of methodologies were reported, but purging by in vitro exposure to 4-hydroperoxycyclophosphamide was the most common, accounting for 50% of purged grafts.
Outcomes
Outcomes are summarized in Table 3 . TRM after allogeneic transplantation was 24% at 1 year and 30% at 5 years. TRM after autologous transplantation was 4% to 8% at 1 year and 8% to 14% at 5 years. The recurrence rate after allogeneic transplantation was 19% at 1 year with very few relapses thereafter. The recurrence rate after unpurged autologous transplantation was 36% at 1 year and 58% at 5 years. The recurrence rate after purged autologous transplantation was 25% at 1 year and 43% at 5 years.
These marked differences in recurrence rates and TRM resulted in a higher treatment failure (relapse or death) among patients who received allogeneic transplants in the first year after transplantation. But the results were almost identical for disease-free and overall survival after autologous or allogeneic transplantation by 5 years after transplantation.
Multivariate analysis
Multivariate analyses allowed comparisons among the 3 main groups, taking into account the potentially confounding effects of other important patient, disease, and treatment-related variables. Results are summarized in Tables 4-7 .
After adjustment for other covariates, the risk of TRM (Table 4 ) was 4.4 times higher after allogeneic than after autologous transplantation (P Ͻ .001). There was no statistically significant 
in TRM after purged versus unpurged autotransplantation. Other factors significantly associated with higher TRM were age older than 40 years, chemotherapy-resistant disease, high serum LDH at transplantation, TBI for conditioning, and transplantation between 1990 and 1993. Figure 1 shows the cumulative incidence of TRM by type of transplant.
The risk for disease recurrence (Table 5 ) was 54% lower in recipients of allogeneic transplants (P Ͻ .001) and 26% lower in recipients of purged autotransplants (P ϭ .04) than in recipients of unpurged autotransplants. Other factors associated with higher risk of relapse were advanced disease, high serum LDH at transplantation, chemotherapy-resistant disease, poor Karnofsky performance score, bone marrow involvement, and an interval greater than 1 year between diagnosis and transplantation. The use of TBI was associated with a lower risk of disease recurrence. Figure 2 shows the cumulative incidence of relapse by type of transplant.
The risk of treatment failure (relapse or death) ( Table 6 ) was higher after purged autologous than unpurged autologous transplantation, although this difference was not statistically different (P ϭ .14). In the first 6 months after transplantation, the risk of treatment failure was higher among patients who received allotransplants than autotransplants (P Ͻ .001). Among patients surviving 6 months in remission, the subsequent risk of treatment failure was significantly lower among patients who received allotransplants than autotransplants (P Ͻ .001). Again, advanced disease stage, chemotherapy-resistant disease, high LDH at transplantation, age older than 40 years, poor performance status, and prolonged delay between diagnosis and transplantation were associated with lower DFS. We failed to detect statistical difference in DFS by year of transplantation; however, this could be due to lack of statistical power. Figure 3 shows the probability of DFS by type of transplant adjusted for other significant covariates. 
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The risk of mortality (Table 7) was lower after purged versus unpurged autotransplantation (P ϭ .03). In the first 6 months after transplantation, the risk of death was higher among patients who received allogeneic transplants than autologous transplants (P Ͻ .001). Among patients who survived the first 6 months, there was a slightly lower risk of death in the allotransplant group (P ϭ .14). Advanced disease stage, chemotherapy-resistant disease, high serum LDH at transplantation, age older than 40 years, poor performance status, and prolonged delay between diagnosis and transplantation were associated with worse survival as was transplantation in the first 3 years of the decade. Figure 4 shows the probability of survival by type of transplant adjusted for other significant covariates. The 5-year adjusted probabilities of survival after allotransplantations, purged autologous transplantations, and unpurged autologous transplantations were 51% (95% confidence interval [CI], 43%-60%), 62% (95% CI, 53%-72%), and 55% (95% CI, 50%-60%), respectively. Table 6 . Interval from diagnosis to transplantation .001
Less than 1 y, n ϭ 168 1.00 - -indicates reference group; LDH, lactate dehydrogenase. *Time-dependent covariate; such that risk of death before and after 6 months after transplantation varies. †Allogeneic (Յ 6 months) versus autologous-purged transplantation (RR, 5.33; 95% CI, 3.34-8.50; P Ͻ .001); allogeneic (Ͼ 6 months) versus autologous-purged transplantation (RR, 1.05; 95% CI, 0.60-1.83; P Ͻ .87).
‡Early disease indicates complete remission (1st or 2nd) or relapse (1st); advanced disease, complete remission (3rd) or relapse (Ͼ 2nd) or primary induction failure.
§Determined by 3-degree of freedom test. Determined by 2-degree of freedom test.
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In a separate multivariate analysis restricted to recipients of allogeneic transplants, we evaluated the effect of acute and chronic GVHD on the probability of disease recurrence by using a time-dependent covariate. The risk of relapse for patients with acute GVHD was not significantly different from that of patients without acute GVHD. The risk of relapse for patients with chronic GVHD after transplantation was not significantly different from that of patients without chronic GVHD.
Discussion
Follicular lymphoma, although unpredictable and often associated with a prolonged course, is in most cases a fatal illness. 1 Although numerous treatment modalities are effective, very few are shown to prolong survival, and none are curative, with the possible exception of autologous or allogeneic transplantation. 22 A recently reported randomized study of 89 patients with a median follow-up of 6 years indicates a considerable benefit in disease-free survival (P ϭ .0037) and survival (P ϭ .079) of autologous transplantation compared with conventional chemotherapy for patients with recurrent follicular lymphoma. 33 The identification of patient-or disease-related prognostic variables in a large group of patients undergoing these procedures constituted a major purpose of the current analysis. We hoped to identify patient populations that might specifically benefit from allogeneic versus autologous transplantation and studied the effect of conditioning (TBI versus non-TBI), stem cell source (peripheral blood versus bone marrow), and stem cell manipulation (purged versus unpurged) on outcome. In a separate analysis restricted to recipients of allogeneic transplants, we evaluated the relationship between acute and chronic GVHD and disease recurrence. We excluded patients receiving nonmyeloablative regimens because few of such reported patients have yet achieved sufficient follow-up for meaningful analysis. 22 We confirmed that both autologous and allogeneic transplantation induce long-term disease control in a proportion of patients. Disease-free survival at 5 years is approximately 50% with both procedures, a result consistent with previous studies. As in most previous studies a continuous pattern of treatment failure was observed after autologous transplantation, suggesting that cure may be achieved in only a small minority of patients. Most late failures were due to disease recurrence, but some were also related to the occurrence of secondary hematologic malignancy, a well-known complication following autologous transplantation. [34] [35] [36] (Table 8 ). The pattern of treatment failure after allogeneic transplantation was markedly different from that after autologous transplantation. The recurrence rate was only 20%, with almost all recurrences occurring within the first year after transplantation. This recurrence rate was virtually identical to that observed in our previous report that included many fewer patients with follicular lymphoma and covered, in part, an earlier time period. 27 Long-term outcome after allogeneic transplantation was, however, adversely affected by a high early TRM rate.
Patient-and disease-related covariates that adversely affected overall outcome included advanced age, poor performance status, an interval between diagnosis and transplantation of more than 1 year, chemotherapy-refractory disease, and increased serum LDH at transplantation. Patients with any of these features had lower overall survival regardless of the type of transplant they received. Age, 12 serum LDH, 16 chemotherapy refractory disease, 12,13,16,17 and bone marrow involvement 10 have all been previously correlated with adverse outcome of autologous transplantation. In our prior report on allogeneic transplantation, patient age older than 40 years and chemotherapy refractory disease were associated with a worse outcome. 27 Of note, neither disease histology (or lymphoma "grade," by World Health Organization [WHO] classification 37 ), stem cell source (bone marrow versus peripheral blood stem cells), nor use of posttransplantation myeloid growth factors correlated with outcome in multivariate analysis.
The Dana-Farber group initially reported a correlation between outcome of transplantation and optimal purging of the stem cell product. 38 In an update of their experience, patients receiving transplants of stem cell products devoid of lymphoma cells had up to 80% DFS at 8 years after transplantation. 10 Those patients receiving cells that were contaminated with lymphoma had a very high recurrence rate. These results are confirmed in some, 14, 39 but not all studies, 8, 12, 13, 33, 40, 41 and the clinical benefits of stem cell purging remain a matter of ongoing study. Our analysis is the first controlled comparison between the outcomes of purged versus unpurged transplantation in a large patient group. In multivariate analyses, an effect of stem cell purging on recurrence rates and overall survival was found. As indicated by the relapse curve, there is a decrease in early as well as late recurrences associated with purging. These data suggest that graft purging, even with current technical limitations, might be of clinical benefit in patients with follicular lymphoma undergoing autologous transplantation. This observation is consistent with our observation of a markedly reduced recurrence rate after syngeneic versus autologous transplantation in follicular lymphoma, because syngeneic transplantation may be considered the equivalent of an optimally purged autologous transplantation. 42 Allogeneic transplantation was associated with a low early recurrence rate and near absence of documented recurrences beyond 1 year after transplantation. The lack of late recurrences confirms the curative potential of allogeneic transplantation. Whether cure results from graft-versus-lymphoma (GVL) effects 28, [43] [44] [45] [46] [47] [48] or from the complete eradication of tumor by high-dose chemotherapy followed by infusion of uncontaminated stem cells (a "purging" effect) 10, 42 or from a combination of both is unclear. In the current study, we were unable to detect a GVL effect of either acute or chronic GVHD. Because of sample size limitations, it is possible we lacked the power to detect such an effect.
The use of TBI was associated with increased TRM, but with decreased recurrence rates. In our previous analysis of allogeneic transplantation for follicular lymphoma, the use of TBI was associated with an improved outcome. 27 By contrast, a European analysis of patients undergoing autologous transplantation indicated a worse overall survival for patients with low-grade lymphoma receiving TBI. 41 Although these data must be interpreted For personal use only. on November 6, 2017. by guest www.bloodjournal.org From with caution, they may indicate that TBI is a highly effective although toxic treatment for follicular lymphoma. They may also suggest that less toxic methods of administration of radiation, perhaps in the form of radiolabeled antibodies, may improve transplantation outcomes. 49 Figures 5 and 6 show survival rates after autologous and allogeneic transplantation during successive 3-year periods. It is reassuring that, independent of other covariates, TRM after transplantation, particularly after allogeneic transplantation, declined over the past decade. This decline is probably related to selection of patients with more favorable characteristics, improvements in supportive care, and improvements in early diagnosis and treatment of opportunistic infections.
This analysis confirms that transplantation has its major benefit when performed early in the course of disease. Transplantation for refractory disease is associated with a dismal course and should probably be avoided. When comparing the patient characteristics of patients in this study with those of our previous report on allogeneic transplantation for low-grade lymphoma, it is apparent that this is the approach increasingly favored by most physicians. Patients in the current study had, on average, far less advanced disease than those in our previous report that included patients receiving transplants between 1985 and 1995.
Whether to recommend autologous or allogeneic transplantation for patients who have an HLA-matched sibling donor remains, at present, a matter of physician and patient preference. We had hoped to identify variables that would have a differential effect on allogeneic versus autologous transplantation but were unable to do so. Adverse prognostic features had similar effects on long-term outcome of both allogeneic and autologous transplantation.
If autologous transplantation is performed, consideration should be given to the use of in vitro or in vivo stem cell purging. Novel in vitro purging methods continue to be explored and are of considerable interest. 50, 51 Data indicating that administration of rituximab results in highly efficient purging of peripheral blood stem cell products require testing in larger cohorts of patients. 52 Whenever one recommends autologous transplantation, the considerable risk for secondary myelodysplastic syndrome (MDS) should be taken into account. [34] [35] [36] Allogeneic transplantation has an increased risk of early TRM, but, as shown in Figure 5 , survival has improved in recent years. In the most recent patient cohorts, 1-year survival after transplantation is approximately 80%. The rapid development of new transplantation technologies may further reduce recurrence rates as well as TRM and, thus, affect the risk-benefit ratios of these procedures. Reduced intensity conditioning, which relies on graftversus-lymphoma effects, is one of the strategies currently under study. Our analysis failed to identify a beneficial effect of GVHD on the incidence of relapse, thus raising some concerns about the ultimate effect of reduced intensity conditioning. However, with highly effective high-dose conditioning, an otherwise effective GVL reaction may have been difficult to detect. A plethora of novel agents and approaches are now available or are under study for management of follicular lymphoma. These agents include rituximab, its radiolabeled equivalent ibritumomab, and other monoclonal antibodies, as well as vaccine approaches. High-dose chemotherapy and autologous and allogeneic transplantation constitute a different, but possibly complementary, approach. Future studies integrating various approaches might render curative therapy for all patients with follicular lymphoma a realistic goal. For personal use only. on November 6, 2017. by guest www.bloodjournal.org From
